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The foot-and-mouth disease virus (FMDV) leader coding region (Lb) was cloned into a full-length cDNA of the DA strain
of Theiler’s murine encephalomyelitis virus (TMEV) replacing the complete L coding region of TMEV. This construct,
pDAFSSC1-Lb, was engineered to contain cleavage sites, at the 3* end of the Lb coding region, for both the FMDV Lb and
the TMEV 3C proteases. Transcripts derived from this construct were translated in a cell-free system. Analysis of the
translation products showed efficient synthesis and processing of TMEV structural and nonstructural proteins as well as
a major band that comigrated with FMDV Lb and was reactive with Lb antiserum. A small plaque virus was recovered from
BHK-21 cells transfected with RNA derived from pDAFSSC1-Lb. RT-PCR of RNA isolated from DAFSSC1-Lb virus demon-
strated a product corresponding in size and sequence to FMDV Lb. DAFSSC1-Lb virus grew slower than parental virus,
DAFSSC1, and to a lower titer. The pattern of viral proteins synthesized in DAFSSC1-Lb virus-infected cells was very similar
to the pattern in DAFSSC1 virus-infected cells except that significant amounts of FMDV Lb were produced. In addition,
extracts from DAFSSC1-Lb-virus-infected cells cleaved an exogenous source of the translation initiation factor, p220, while
DAFSSC1-virus-infected extracts did not. Chimeric viruses that contain coding regions from different picornaviral genera
may be valuable tools in investigating the function of particular viral proteins and in studying disease pathogenesis. q 1996
Academic Press, Inc.
Among the Picornaviridae only the aphthoviruses and inhibitor studies demonstrating that E-64, a specific inhibitor
cardioviruses contain a leader (L) coding region at the of thiol proteases including the papain family of cysteine
start of the open reading frame (1). For foot-and-mouth proteases (9), blocks L function (10), as well as genetic
disease virus (FMDV), an aphthovirus, the L coding re- studies demonstrating that Cys and His residues, thought
gion contains two potential in-frame initiation codons 84 to be part of the catalytic dyad, are essential for enzymatic
nucleotides apart encoding Lab (201 amino acids for type activity (11, 12). Recent evidence demonstrates that the Lb
A12) and Lb (173 amino acids) proteins. The Lb protein coding region of FMDV is not essential for virus growth in
is the major leader species synthesized in vitro and in the cell lines examined (13).
infected cells. Both proteins have been shown to have The function of the cardiovirus L protein is unknown. In
at least two proteolytic functions: autocatalytic cleavage the case of Theiler’s murine encephalomyelitis virus
from the viral polyprotein (2) and cleavage of p220, a (TMEV), the L protein is dispensable for growth of virus in
subunit of the cap-binding protein complex eIF–4F that some cells, but appears critical for the spread of virus in
is involved in the initiation of translation at the 5* end of other cell types (14, 15). The 76-amino-acid long cardiovirus
most eukaryotic mRNAs (3–5). Cleavage of p220 corre- L protein is significantly smaller than FMDV L. In contrast
lates with the shutoff of cap-dependent host protein syn- to the FMDV L, TMEV L is not a protease and it is processed
thesis (6), but translation of FMDV RNA which occurs by from the polyprotein by the 3C protease (16). There is no
a cap-independent mechanism is not impaired. A recent evidence that p220 is cleaved in TMEV or other cardioviral
report has also suggested that FMDV Lb proteinase can infections (17, 18). A novel observation among picornavi-
cleave several cellular and viral proteins including polio- ruses is that strains of the TO subgroup of TMEV have
virus 3D and at least one mengovirus protein (7). an additional, out of frame, alternative open reading frame
Amino acid sequence alignment suggests that FMDV Lb overlapping the L region that encodes a protein, L*, that is
is a thiol protease related to the papain family of proteases synthesized both in vitro (19, 20) and in infected cells (21)
(8). Direct experimental support for this hypothesis includes and has a role in virus-induced immune-mediated demye-
linating disease (21).
In order to explore the function of FMDV L and TMEV1 To whom correspondence and reprint requests should be addressed.
Fax: (516) 323-2507; E-mail: MGRUBMAN@ASRR.ARSUSDA.GOV. L as well as to characterize their role in disease patho-
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FIG. 1. Schematic representation of the TMEV genome and construction of the chimeric TMEV. The TMEV genome is shown at the top and
includes the 5* and 3* untranslated regions (UTR) and the polyprotein coding region (represented by the boxed region). The positions of NcoI and
MluI restriction endonuclease sites used to clone the FMDV Lb coding region into the parental full-length construct, pDAFSSC1, are displayed. The
bottom shows the Lb and VP4 regions of the chimeric full-length clone, pDAFSSC1-Lb. Arrows mark the sites of FMDV Lb and TMEV 3C protease
cleavage, and amino acids constituting cleavage sites for FMDV Lb and TMEV 3C are represented in single-letter code.
genesis, we have prepared a chimeric virus that substi- system (see Fig. 2). Translation of parental transcripts
(lane 7) yielded products comigrating with proteins foundtutes FMDV Lb for TMEV L. We were especially inter-
ested in the effect of FMDV Lb in a foreign context on in BHK-21 cells infected with DAFSSC1 virus (lane 1),
and the structural proteins were immunoprecipitated withviral replication, translation of viral and host proteins,
and p220 cleavage. The strategy we used in our con- antisera against DA virus (not shown). Translation of chi-
meric transcripts resulted in the synthesis of similarstruction of a chimeric TMEV was to clone a segment
immediately upstream of the amino terminus of TMEV TMEV products as well as an additional protein that co-
migrated with FMDV Lb (compare lanes 9 and 7) and wasVP4 that included the FMDV Lb coding region followed
by cleavage recognition sequences for Lb and TMEV immunoprecipitated with Lb-specific antiserum (data not
shown).3C (Fig. 1). The recognition sequences included seven
codons from the amino terminus of FMDV VP4 followed Transcripts from parental and chimeric cDNA clones
were transfected into BHK-21 cells with lipofectin and cellsby eight codons from the carboxy terminus of TMEV L.
This construct was engineered to allow FMDV Lb to rec- were observed for CPE. After 2 days there was extensive
CPE in cells transfected with parental transcripts, whileognize its normal cleavage site and process itself from
the polyprotein and also to allow TMEV 3C to recognize CPE was initially observed after 3 days in cells transfected
with chimeric transcripts. Cells and supernatants fromits normal cleavage site between TMEV L and VP4. These
cleavages would result in removal of FMDV Lb and the transfected cells were titered for the presence of virus on
BHK-21 cells. A high-titered (5–7.5 1 107 PFU/ml) large-15 amino acids at the amino terminus of TMEV VP4 (Fig.
1), allowing myristoylation at the amino-terminal glycine plaque (3–4 mm) virus was generated from parental tran-
scripts, while a small-plaque (1 mm) virus of lower titerresidue and proper processing of the P1 structural pro-
tein precursor and assembly into virus. (2–6 1 104 PFU/ml) was obtained from cells transfected
with chimeric transcripts. Parental (DAFSSC1) and chime-Following PCR amplification, cloning into the vector
pCR (Invitrogen), and sequence analysis, the above seg- ric (DAFSSC1-Lb) virus were passed two additional times
in BHK-21 cells and after the third passage concentratedment, which included the FMDV Lb coding region and
cleavage recognition sequences, was ligated into a virus stocks were prepared. By RT-PCR, utilizing primers
encompassing the Lb region, it was shown that RNA ex-TMEV subgenomic clone, pSSC1 (14), directly upstream
of the complete VP4 and a portion of the VP2 coding tracted from third-passage chimeric virus yielded a PCR
product of the appropriate size. Sequencing of this productregions. A full-length chimeric TMEV clone, pDAFSSC1-
Lb, was generated utilizing pSSC1-Lb and a full-length demonstrated that the Lb coding region as well as the
engineered Lb and TMEV 3C cleavage sites were correctinfectious TMEV clone, pDAFSSC1. pDAFSSC1 is a deriv-
ative of wild-type pDAFL3 (an infectious cDNA clone de- (data not shown). Stocks of the third passage of each
virus retained their initial plaque size and were used inrived from the DA strain of TMEV) that contains the T7
promoter just upstream from the start of the viral genome all subsequent studies.
The growth of DAFSSC1-Lb was compared to(15, 22). RNA transcripts from the chimera as well as
from parental pDAFSSC1 were translated in a cell-free DAFSSC1 in a one-step growth curve on BHK-21 and L-
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FIG. 2. Kinetics of protein processing in a cell-free translation system programmed with transcripts derived from pDAFSSC1 and pDAFSSC1-Lb.
Transcripts from pDAFSSC1 or pDAFSSC1-Lb were translated in a cell-free system in the presence of [35S]methionine as previously described (25,
26) and aliquots were removed at 5, 10, 20, 40, and 80 min or overnight and examined by SDS–PAGE on a 15% gel. Lanes 1 and 8 are radiolabeled
cytoplasmic extracts from BHK-21 cells infected with DAFSSC1 or DAFSSC1-Lb viruses, respectively.
929 cells. The parental virus grew more rapidly and to a with a complete deletion of L grew well on L-929 cells
slightly higher titer on BHK-21 cells than the chimeric at a high m.o.i., but failed to grow at a low m.o.i. (14).
virus (Fig. 3). Our previous studies demonstrated that DA These investigations also showed that virus with a re-
placement of DA L with L from GDVII (another TMEV) or
encephalomyocarditis virus (EMCV [a non-TMEV cardio-
virus]) grew well in L-929 cells, demonstrating that L
from these other cardioviruses corrects the cell-specific
restriction in TMEV growth. In contrast to these findings,
DAFSSC1-Lb in this study failed to grow on L-929 cells
at high or low m.o.i. (data not shown). Our current result,
however, is not unexpected given the known differences
in sequence and function of the cardiovirus and aphthovi-
rus L. The failure of the chimeric virus to grow on L-929
cells even at a high m.o.i. may be related to the general
growth defect of this virus (see below).
To examine the pattern of viral and host protein synthe-
sis, cells were infected with DAFSSC1 and DAFSSC1-Lb
and radiolabeled at 1-hr intervals during the infectious
cycle, and cytoplasmic extracts prepared and subse-
quently examined by SDS–PAGE. The pattern of viral
proteins synthesized in DAFSSC1- and DAFSSC1-Lb-in-
fected cells looked very similar (Fig. 4, compare lanes 2–
FIG. 3. One-step growth curve of DAFSSC1 and DAFSSC1-Lb viruses. 7 with 8–13) except that significant amounts of a protein
BHK-21 cells, in 60-mm dishes, were infected with DAFSSC1 or comigrating with FMDV Lb were present in DAFSSC1-DAFSSC1-Lb at an m.o.i. of 4– 5. At 2, 4, 6, 8, 9, and 14 hr postinfection
Lb-infected cells (lanes 9–13). It also was apparent thatthe cells and supernatant were frozen. After two freeze–thaw cycles,
cells and supernatant were titered by plaque assay on BHK-21 cells. the shutoff of host protein synthesis in DAFSSC1-Lb-in-
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chimeric-virus-infected cells (Figs. 2 and 4) there ap-
peared to be no obvious effect of Lb on TMEV polypep-
tides. There are a number of possible explanations for
these differing results: Lb may cleave one or more men-
govirus proteins, but not the equivalent proteins from the
closely related TMEV; the amount of purified Lb used by
Ziegler et al. (7) may not reflect the actual levels of Lb
synthesized either in vitro or in infected cells leading to
nonphysiological cleavages; or there may be compart-
mentalization of Lb and TMEV proteins in infected cells.
Although host protein synthesis is shut off in cardio-
virus-infected cells, it has been shown that p220 is not
cleaved in cells infected with either EMCV (18) or TMEV
(17). The shutoff of host protein synthesis in cardiovirus-
infected cells may at least partly relate to the activation
of the translational suppressor 4E-BP1 (24). BHK-21 cells
were infected with DAFSSC1 or DAFSSC1-Lb and cyto-
plasmic extracts were prepared at 5, 8, or approximately
24 hr postinfection. The extracts were incubated with
HeLa S10 as an exogenous source of p220. By Western
blot analysis p220 was not cleaved when incubated with
extracts from DAFSSC1-infected cells (Fig. 5, lanes 2–
FIG. 4. Synthesis of viral proteins in infected BHK-21 cells. BHK- 4), but was cleaved by extracts from DAFSSC1-Lb-in-
21 cells were infected with DAFSSC1 or DAFSSC1-Lb viruses and
fected cells (Fig. 5, lanes 5–7). The cleavage productsradiolabeled with [35S]methionine for 1-hr intervals at various times
were similar to those generated by incubation of HeLaafter infection. Cytoplasmic extracts were prepared and equal volumes
were examined by SDS–PAGE on a 15% gel. Lane 1 represents a S10 with cytoplasmic extracts from FMDV-infected BHK
cytoplasmic extract from mock-infected cells (M). Lanes 2–7 and 8– cells (compare lanes 5–7 with lane 8). Thus, it appears
13 represent cytoplasmic extracts from DAFSSC1- and DAFSSC1-Lb- that the cleavage of p220 correlates with the earlier and
infected cells radiolabeled at 2.5, 3.5, 4.5, 5.5, 6.5, and 7.5 hr postinfec-
more efficient shutoff of host protein synthesis intion, respectively. Lane 14 is a cell-free translation programmed with an
DAFSSC1-Lb virus-infected cells compared to cells in-FMD RNA transcript. The stars on the left represent host cell proteins.
fected with DAFSSC1 virus (Fig. 5).
Since host protein synthesis is apparently shut off
more efficiently in DAFSSC1-Lb-infected cells, we werefected cells occurred earlier and was more efficient than
in parental-virus-infected cells (compare the intensity of
the host proteins indicated by stars in lane 1 with the
equivalent proteins in lanes 2–7 and 8–13). The amount
of FMDV Lb synthesized in this system and in a cell-
free translation system programmed with pDAFSSC1-Lb
transcripts appears significantly greater than the level of
TMEV L synthesized in the comparable parental systems
(both proteins contain two methionine residues) and may
be related to the reported instability of TMEV L (20). In
addition, Lb is synthesized at higher levels in chimeric-
virus-infected BHK cells (under the control of the TMEV
internal ribosome entry site [IRES]) than in BHK cells
infected with parental FMDV (data not shown), sug- FIG. 5. Effect of cytoplasmic extracts from DAFSSC1- or DAFSSC1-
Lb-infected cells on p220. BHK-21 cells were infected with DAFSSC1gesting that the TMEV IRES can more efficiently direct
or DAFSSC1-Lb viruses and cytoplasmic extracts were prepared atthe internal initiation of protein synthesis than the FMDV
varying times after infection. The extracts were incubated overnightIRES. Recent studies by Borman et al. (23) similarly sug-
with an S10 extract of HeLa cells and the proteins were separated by
gest that the IRES of the closely related cardiovirus SDS–PAGE on a 7.5% minigel. Western blot analysis was performed
EMCV is slightly more efficient than the FMDV IRES in with polyclonal antiserum against p220 (27; kindly supplied by L. Car-
rasco, Universidad Autonoma de Madrid) and proteins were detectedthe internal initiation of translation.
with 125I-labeled protein A as previously described (28). Lane 1 is HeLaIt has recently been reported that purified FMDV Lb
S10 alone; lanes 2–4 and 5–7 are extracts from DAFSSC1 andcan cleave poliovirus 3D as well as at least one mengovi-
DAFSSC1-Lb virus-infected cells prepared after 5-hr, 8-hr, or overnight
rus protein when incubated with radiolabeled cyto- infection, respectively; lane 8 is a cytoplasmic extract from FMDV-
plasmic extracts from poliovirus- or mengovirus-infected infected BHK-21 cells incubated with HeLa S10. The positions of p220
and p220 cleavage products (cp) are indicated.cells (7); however, in the cell-free system as well as in
AID VY 8246 / 6a25$$$$82 11-01-96 11:35:10 viral AP: Virology
139SHORT COMMUNICATION
for participating in various aspects of this project. We also appreciatesurprised that the chimeric virus replicated more slowly
the advice and help of Drs. Wing Kong and Liang Zhang. This work isthan its parent and had a smaller plaque phenotype on
partially supported by grants from the National Institutes of Health as
BHK-21 cells. One possibility was that processing at the well as funding from USDA, ARS.
artificial FMDV Lb/DVP4 and/or TMEVDL/VP4 cleavage
sites was not as efficient as parental virus processing. To REFERENCES
examine this possibility parental and chimeric transcripts
1. Rueckert, R. R., and Wimmer, E., J. Virol. 50, 957–959 (1984).were translated in vitro and aliquots were removed at
2. Strebel, K., and Beck, E., J. Virol. 58, 893–899 (1986).
various times (Fig. 2). FMDV Lb was very rapidly pro- 3. Devaney, M. A., Vakharia, V. N., Lloyd, R. E., Ehrenfeld, E., and Grub-
cessed from the TMEV polyprotein prior to the synthesis man, M. J., J. Virol. 62, 4407–4409 (1988).
4. Kirchweger, R., Ziegler, E., Lamphear, B. J. O., Waters, D., Liebig,of full-length P1-2A (Fig. 2, lanes 12–14), as is the case
H.-D., Sommergruber, W., Sobrino, F., Hohenadl, C., Blass, D.,with wild-type FMDV RNA translation (25). However, pro-
Rhoads, R. E., and Skern, T., J. Virol. 68, 5677–5684 (1994).cessing of the extra 15 amino acids at the amino terminus
5. Medina, M., Domingo, E., Brangwyn, J. K., and Belsham, G., Virology
of TMEV VP4 by TMEV 3C was slower than processing 194, 355–359 (1993).
of the similar cleavage site in translations programmed 6. Etchison, D., Milburn, S. C., Edery, I., Sonenberg, N., and Hershey,
J. W. B., J. Biol. Chem. 257, 14806–14810 (1982).with parental transcripts: in lane 6 processing at the L/
7. Ziegler, E., Borman, A. M., Kirchweger, R., Skern, T., and Kean,VP4 junction in pDAFSSC1-programmed translations
K. M., J. Virol. 69, 3465–3474 (1995).was greater than 90% complete after 80 min as deter-
8. Gorbalenya, A. E., Koonin, E. V., and Lai, M. M.-C., FEBS Lett. 288,
mined by the disappearance of the precursor L-P1-2A, 201–205 (1991).
while in lane 10 processing at the DVP4DL/P1 junction 9. Hanada, K., Tamai, M., Morimoto, S., Adachi, T., Ohmura, S., Sa-
wada, J., and Tanaka, I., Agric. Biol. Chem. 42, 537–541 (1978).in pDAFSSC1-Lb-programmed translations was only ap-
10. Kleina, L. G., and Grubman, M. J., J. Virol. 66, 7168–7175 (1992).proximately 50% complete after 80 min as determined by
11. Piccone, M. E., Zellner, M., Kumosinski, T. F., Mason, P. W., andthe disappearance of the DVP4DL-P1-2A precursor.
Grubman, M. J., J. Virol. 69, 4950–4956 (1995).
The above studies suggest that processing at the 12. Roberts, P. J., and Belsham, G. J., Virology 213, 140–146 (1995).
TMEVDL/VP4 site appears to be delayed compared to 13. Piccone, M. E., Rieder, E., Mason, P. W., and Grubman, M. J., J.
Virol. 69, 5376–5382 (1995).processing at this site in the parental polyprotein, and
14. Kong, W.-P., Ghadge, G. D., and Roos, R. P., Proc. Natl. Acad. Sci.that this inefficient processing may explain the growth
USA 91, 1796–1800 (1994).defect of the chimeric virus. Additional possibilities for
15. Calenoff, M. A., Badshah, C. S., Dal Canto, M. C., Lipton, H. L., and
the observed growth defect are that the chimeric virus Rundell, M. K., J. Virol. 69, 5544–5549 (1995).
contains one or more additional mutations in the genome 16. Parks, G. D., Duke, G. M., and Palmenberg, A. C., J. Virol. 60, 376–
384 (1986).or that the extra 300 bases in the chimeric virus RNA
17. Lloyd, R. E., Grubman, M. J., and Ehrenfeld, E., J. Virol. 62, 4216–genome affect viral genome replication or encapsidation.
4223 (1988).We are in the process of constructing an additional chi-
18. Mosenkis, J., Daniels-McQueen, S., Janovec, S., Duncan, R., Her-
meric clone which substitutes the FMDV Lb coding re- shey, J. W. B., Grifo, J. A., Merrick, W. C., and Thach, R. E., J. Virol.
gion and 10 codons of FMDV VP4 for the equivalent 54, 643–645 (1985).
19. Kong, W.-P., and Roos, R. P., J. Virol. 65, 3395–3399 (1991).region of TMEV L and VP4. In this construct, only one
20. Roos, R. P., Kong, W.-P., and Semler, B. L., J. Virol. 63, 5344–5353artificial site has to be processed, i.e., the Lb site, which,
(1989).as suggested by the present study, should be very rapid.
21. Chen, H.-H., Kong, W. P., Zhang, L., Ward, P. L., and Roos, R. P.,
The investigation of chimeric viruses which substitute Nat. Med. 1, 927–931 (1995).
a coding region from a member of one picornavirus ge- 22. Roos, R. P., Stein, S., Ohara, Y., Fu, J., and Semler, B. L., J. Virol. 63,
5492–5496 (1989).nus into the genome of a member of another genus may
23. Borman, A. M., Bailly, J. L., Girard, M., and Kean, K. M., Nucleichelp clarify the function of the substituted gene product
Acids Res. 23, 3656–3663 (1995).by isolating it in this foreign context. The availability of
24. Gingras, A.-C., Svitkin, Y., Belsham, G. J., Pause, A., and Sonenberg,
DAFSSC1-Lb and its derivatives may elucidate the patho- N., Proc. Natl. Acad. Sci. USA 93, 5578–5583 (1996).
genesis of picornaviral-induced disease and the role of 25. Grubman, M. J., and Baxt, B., Virology 116, 19–30 (1982).
26. Vakharia, V. N., Devaney, M. A., Moore, D. M., Dunn, J. J., and Grub-p220 cleavage in virulence.
man, M. J., J. Virol. 61, 3199–3207 (1987).
27. Aldabe, R., Feduchi, E., Novoa, I., and Carrasco, L., Biochem. Bio-ACKNOWLEDGMENTS
phys. Res. Commun. 215, 928–936 (1995).
28. Piccone, M. E., Sira, S., Zellner, M., and Grubman, M., J. Virus Res.We thank Marla Zellner for expert technical assistance as well as
summer interns Kristen O’Malley, Thomas Bartlett, and Susan Grubman 35, 263–275 (1995).
AID VY 8246 / 6a25$$$$82 11-01-96 11:35:10 viral AP: Virology
